Hydrogen recombination lines at the submillimetre band (submm-RLs) can serve as probes of ionized gas without dust extinction. One therefore expects to probe the broad line region (BLR) of an obscured (type 2) active galactic nucleus (AGN) with those lines. However, admitting the large uncertainty in the continuum level, here we report on the non-detection of both broad and narrow H26α emission line (rest frequency = 353.62 GHz) towards the prototypical type 2 AGN of NGC 1068 with the Atacama Large Millimeter/submillimeter Array (ALMA). We also investigate the nature of BLR clouds that can potentially emit submm-RLs with model calculations. As a result, we suggest that clouds with an electron density (N e ) of ∼ 10 9 cm −3 can mainly contribute to broad submm-RLs in terms of the line flux. On the other hand, line flux from other density clouds would be insignificant considering their too large or too small line optical depths. However, even for the case of N e ∼ 10 9 cm −3 clouds, we also suggest that the expected line flux is extremely low, which is impractical to detect even with ALMA.
INTRODUCTION
Since the proposition of the unification scheme of an active galactic nucleus (AGN; Antonucci 1993) , it has been supposed that a type 2 AGN contains a type 1 nucleus having a broad line region (BLR) of ionized material, which is obscured by a dusty torus at short wavelengths such as optical. The detection of the broad H i recombination line (RL, hereafter) in the polarized light from the prototypical type 2 Seyfert NGC 1068 (e.g., Antonucci & Miller 1985; Alexander et al. 1999) constitute the basis of this classical model. On the other hand, direct detection of the BLR components at the wavelengths least influenced by the dust attenuation will be another way to better understand the unification mechanism. Although some works succeeded in detecting relatively broad (∼ 1000-3000 km s −1 ) RLs (e.g., Goodrich et al. 1994; Veilleux et al. 1997 Veilleux et al. , 1999 Lutz et al. 2002) in type 2 Seyfert galaxies at near-infrared (NIR), these detections seem to be biased towards less-obscured type 2 or intermediate type AGNs (e.g., Lutz et al. 2000 Lutz et al. , 2002 .
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Here, the ability of penetrating columns of N H < ∼ 10 23−24 cm −2 expected for the NIR band (e.g., Alonso-Herrero et al. 1997) would be insufficient to probe a sizeable fraction of Compton-thick AGNs (N H > 10 24 cm −2 ). Indeed, previous studies failed to detect NIR broad RLs firmly from such Compton-thick objects (e.g., Goodrich et al. 1994; Lutz et al. 2000; Cai et al. 2010; Mason et al. 2015) . This problem can be severer in probing extremely obscured nuclei whose energy sources are elusive (N H > ∼ 10 25−26 cm −2 , e.g., Sakamoto et al. 2013; Aalto et al. 2015) . However, at least in the nearby universe, hard X-ray observations suggest that Compton-thick AGNs are comparable or even larger in number density than less obscured AGNs (e.g., Risaliti et al. 1999; Burlon et al. 2011; Lansbury et al. 2015) . Therefore, longer wavelengths observations that directly probe those heavily obscured BLRs are highly desired to investigate its nature as well as to examine the applicability of the unified scheme to such an extreme population (e.g., Buchner et al. 2015; Davies et al. 2015) .
From this perspective, we considered that submillimetre H i RLs (submm-RLs, hereafter) would provide a way as c 2015 The Authors they do not suffer from dust extinction. As is not the case of centimetre RLs, submm-RLs would not be affected by potential maser amplification (Gordon & Walmsley 1990) . Moreover, it is easy to achieve quite high-velocity resolution at submillimetre that enables us to study kinematics of the nuclear regions in detail. One critical issue has been the intrinsically very faint nature of the submm-RLs, but this would now be overcome thanks to the advent of The Atacama Large Millimeter/submillimeter Array (ALMA), which provides unprecedented sensitivity and resolution. Indeed, Scoville & Murchikova (2013, hereafter SM13) predicted that both thermal free−free continuum and submm-RL emissions from narrow line regions (NLRs) of luminous nearby galaxies are readily detectable with ALMA. It is therefore the time to test the detectability of submm-RLs of the BLR-origin with the actual ALMA data.
In this paper, we present our ALMA Cycle 2 observations of the submm-RL, H26α (rest frequency ν rest = 353.62 GHz), towards the centre of NGC 1068 (D = 14.4 Mpc; Tully 1988) . This galaxy hosts a Compton-thick AGN (N H ∼ 10 25 cm −2 ; e.g., Marinucci et al. 2016) , thus is one of the best targets to demonstrate the capability of submm-RLs to study heavily dust-obscured nuclei. Note that several attempts have been done so far towards this AGN to detect broad H i RLs: Lutz et al. (2000) observed Brβ 2.63 µm and Pfα 7.46 µm emission but could not detect broad lines likely due to severe dust extinction. No significant emission of H40α (ν rest = 99.02 GHz) and H53α (ν rest = 42.95 GHz) lines were detected with single dish measurements as well at least partly due to insufficient sensitivity (Puxley et al. 1991) .
DATA ANALYSIS
We observed NGC 1068 with ALMA on 2015 June 15 with 37 antennas as a Cycle 2 science program (ID = 2013.1.00188.S, PI: M. Imanishi). The baseline length spans from 21.4 to 783.5 m, which corresponds to the uv range of 25.0 to 914.2 kλ at 350 GHz. The nuclear region of NGC 1068 was entirely covered with a single pointing with an 18 arcsec field of view. Throughout the work, the location of the AGN is set to (α J2000.0 , δ J2000.0 = 02 h 42 m 40. s 710, −00 • 00 ′ 47. ′′ 938), which is defined by high-resolution interferometric observations at 6 cm (e.g., Gallimore et al. 2004 ). The receiver was tuned to cover the redshifted HNC(J = 4-3) line (ν rest = 362.63 GHz) in the upper side band (USB), and the redder side of H26α H i RL (ν rest = 353.62 GHz) relative to the systemic velocity (V sys = 1137 km s −1 ; Huchra et al. 1999) in the lower side band (LSB). Each of four spectral windows (Spw 0, 1 = USB and Spw 2, 3 = LSB) has a bandwidth of 1.875 GHz, which yields ∼ 7.5 GHz width in total. Note that we could not cover the entire velocity range of the hypothesized broad H26α because the LSB has only ∼ 3180 km s −1 width in total for this line. In this paper, we focus on this H26α line and the underlying continuum emissions only.
The velocity spacing of the LSB was originally 0.42 km s −1 per channel, but 120 channels were binned to improve the signal-to-noise ratio, which resulted in the final velocity resolution of dV ∼ 50 km s −1 . This is high enough to resolve the hypothesized broad line component, which has a full width at zero intensity (FWZI) of ∼ 7500 km s −1 as seen in the polarized spectrum of Hβ (Antonucci & Miller 1985) . It is also enough to moderately resolve the typical width of NLR-lines of NGC 1068 (∼ 500 km s −1 ; Müller-Sánchez et al. 2011) . The bandpass, phase, and flux were calibrated with J0224+0659, J0239+0416, and Ceres, respectively. The total on-source time was ∼ 35 min.
The reduction, calibration, and subsequent analysis were conducted with CASA version 4.3.0 (McMullin et al. 2007 ) in standard manners. All images were reconstructed by the CASA task CLEAN. Continuum subtraction can be problematic in the LSB because all channels would contain the BLR component due to the limited band width. Therefore, we show the spectrum of the LSB without continuum subtraction in this work. The information on the continuum emission is extracted from the USB instead (Section 3). The full width at the half-maximum (FWHM) of the achieved synthesized beam was θ maj × θ min = 0.37 arcsec × 0.31 arcsec, which corresponds to 26 pc × 22 pc at the distance of NGC 1068. The 1σ sensitivity is 0.42 mJy beam −1 at dV = 50 km s −1 for the LSB (estimated from the areas free from emission), whereas 1σ = 0.19 mJy beam −1 for the USB continuum emission, which is surely free from the contamination of the broad H26α line. Fig. 1 shows the spatial distribution of the USB continuum emission centred at ν rest = 364 GHz towards the nuclear region of NGC 1068. This distribution is well consistent with that of the 349 GHz continuum emission (García-Burillo et al. 2014 ). The emission is clearly detected and peaks at the precise AGN position (11.72 mJy beam −1 ), which suggests this is of AGN origin. Fig. 2 displays the LSB spectrum extracted at the AGN position with a single aperture. The plotted range corresponds to almost the redder half of the FWZI of the polarized broad Hβ (Antonucci & Miller 1985) .
RESULTS
Next, we estimate the continuum level at the LSB using that at the USB. So far, three models have been mainly proposed to explain the centimetre to submillimetre nuclear spectral energy distribution (SED) of NGC 1068 (see Krips et al. 2011 and references therein): (i) pure synchrotron model, (ii) thermal free−free model 1 , and (iii) electron-scattered synchrotron model. These models consider a significant contribution from thermal dust emission as well. Among them, previous studies supported the models (ii) and (iii) equally (e.g., Krips et al. 2011; García-Burillo et al. 2014) , but disfavoured the model (i). However, we find that even these preferred two models overestimate our USB continuum level by ∼ 2 times, judging from their proposed formulations. Indeed, the lack of high-resolution photometry at far-infrared, as well as different apertures used in previous works at centimetre to submillimetre, altogether make the accurate SED modelling quite difficult. A highly time variable nature of AGN-originated emission even at millimetre to submillimetre (e.g., Baldi et al. 2015 ) also hinders such a challenge.
We then simply give a crude estimate on the LSB continuum level by assuming that the USB continuum emission is composed of (1) thermal dust emission from both the dusty torus and the extended cold dust (50 per cent contribution to the total USB emission), (2) thermal free−free emission from both the BLR and the NLR (25 per cent), and (3) synchrotron emission from the jet (25 per cent). Indeed, García-Burillo et al. (2014) suggested that ∼ 50 per cent continuum at the ALMA Band 7 stems from non-dust components. Assuming typical slopes (α) of the flux scaling ( f lux ∝ ν α ) that are 3.5, −0.15, −1.0 for the above three components, respectively (e.g., Draine 2011), we estimate the LSB continuum level to be 11.26 mJy beam −1 . Note that varying the free−free to synchrotron ratio only slightly modify this estimation, which does not influence the following discussion. Moreover, the free-free continuum levels at the USB and the LSB are almost identical irrespective of its contribution to the total continuum flux and its spectral index.
Back to Fig. 2 with keeping this fiducial continuum level in mind, one would see that there seems to be some excess in the flux over a wide velocity range, which can be the broad H26α emission line. However, this excess in each channel is still below the 3σ limit of our observations (1.26 mJy beam −1 ). Moreover, the amount of the excess strongly depends on the actual continuum level, which is hard to determine at this moment. Considering this situation, we call this marginal excess at the LSB as non-detection. Although this view is not conclusive, we nevertheless summarize our current estimates in Table 1 .
Although it is not detected convincingly, the potential existence of the broad submm-RL is an appealing topic to investigate. Therefore, in the following, we discuss the nature of the hydrogen clouds that can actually emit broad H26α line with invoking simple theoretical calculations, as well as the detectability of submm-RLs with future high-sensitivity observations. These predictions can be tested with future high-resolution, high-sensitivity, and quasi-synchronized observations over a velocity range enough to cover the entire (hypothesized) broad H26α line emission.
DISCUSSION
Since the electron volume density (N e ) and line optical depths are extremely large in BLRs compared to those in typical H ii regions, the so-called Case-B approximation would not be appropriate in a strict sense. However, previous studies support the fairy good resemblance between the observed line flux ratios and the theoretical values under the Case-B condition (see Netzer 1990 and references therein). Therefore, we adopted the model-calculated parameters of H i RLs under the Case-B condition by Storey & Hummer (1995) as our best estimate at first. Their values were used in SM13 as well for the cases of N e ≤ 10 8 cm −3 . Then, we expand the theoretical basis by SM13 towards higher N e in this work. We investigate several cases of a gas cloud with uniform density and temperature as BLRs likely to have clouds with various physical conditions. Note that we use N 70 pc Note. For H26α, we list 3σ upper limit on the peak values that are appropriate for both the broad and the narrow components at the velocity resolution of 50 km s −1 . The integrated intensity was calculated by assuming the Gaussian profile with the FWHM of 3000 km s −1 (Alexander et al. 1999) , having the peak flux of the above 3σ value. to express the volume density to avoid confusion with the principal quantum number n. At the high densities suggested in BLRs (N e > ∼ 10 8 cm −3 ), one can expect level populations are in the local thermal equilibrium (LTE) especially for large n. Indeed, the departure coefficient from the LTE (b n ) calculated by Storey & Hummer (1995) clearly shows ∼ 1 at N e > ∼ 10 8 cm −3 for n > ∼ 20 (a range containing submm-RLs), i.e., no departure from the LTE. Fig. 3 shows the optical depth parameter Ω n,n ′ of H26α calculated by Storey & Hummer (1995) as a function of N e and electron temperature (T e ), which is related to the line centre optical depth as
where L is the line-of-sight path length (Hummer & Storey 1987) . Thus, the Ω n,n ′ gives the optical depth per unit emission measure (EM), which is defined as
N p is the proton volume density. The thermal Doppler width (∼ 21.5 km s −1 at T e = 10 4 K for H i) is assumed in Fig. 3 as we primarily treat a single cloud existing in BLRs. Although this width shall be regarded as just the first-order approximation (e.g., Peterson 1997; Dietrich et al. 1999), we suppose that a line width up to ∼ a few 100 km s −1 would not alter our conclusions significantly. Note that τ n,n ′ is inversely proportional to the line width. As is expected from the quasi-LTE condition, we can see from Fig. 3 that the line optical depth is approaching to the following LTE solution under the ionization equilibrium:
Hence, we will discuss under the LTE condition hereafter. Substituting typical values supposed for BLRs (e.g., Ferland et al. 1992; Peterson 1997; Dietrich et al. 1999; Osterbrock & Ferland 2006) , namely, N e = N p = 10 9 cm −3 , T e = 10 4 K, and L = 20 r ⊙ = 4.5 × 10 −7 pc (the path length of a single cloud; radius = 10 r ⊙ in this case), we obtain an optical depth of H26α as τ H26α ∼ 3.4, i.e., the line emission is (moderately) optically thick in this case. This, reflecting the quite high EM in BLRs adopted here, is a striking difference from the cases in H ii regions, where the submm-RLs are always optically thin.
On the other hand, in the thermal plasma with T e ∼ 10 4 K, the thermally averaged gaunt factor (Lang 1980 ) is,
With this formula, an optical depth of the free−free emission is
Substituting the above-adopted parameters, we obtain τ ff ∼ 0.65 at 350 GHz for the BLR emission, i.e., thermal free−free emission is moderately optically thin. Therefore, we can expect a relatively high peak line flux to continuum ratio,
of ∼ 1.0 in this case. We used the formalism by, e.g., Bell & Seaquist (1978) , for this estimation. A potential contamination due to stimulated emission caused by the background non-thermal radiation is neglected for simplicity. The high R lc > 0 seems to open a way to detect the broad submm-RL, if clouds with N e ∼ 10 9 cm −3 are the dominant contributor to the BLR flux at submillimetre. Moreover, as both τ H26α and τ ff are functions of T e and EM, we can estimate one parameter when the other is known independently. However, that situation is disfavoured in an actual observational sense as discussed hereafter. We then speculate upon the expected peak flux density of H26α line to the observer (F H26α,obs ). Under the conditions described above, the intrinsic peak brightness temperature of H26α line is ∼ 0.5 × T e = 5000 K. Suppose that a single blackbody cloud (radius = 10 r ⊙ ) at this temperature is radiating, an expected peak flux density from the cloud is 1.48 × 10 −14 Jy for the case of NGC 1068. As we have assumed that a single cloud has the thermal width of 21.5 km s −1 , an expected integrated intensity under the Gaussian line profile is then S H26α,cl = 3.38 × 10 −13 Jy km s −1 . This value will be multiplied by a number of BLR clouds contributing to the observed flux to estimate F H26α,obs .
To do so, we first estimate the effective source size of the line-emitting region in the BLR. Reverberation mapping observations towards type 1 AGNs revealed that the innermost radius of a dusty torus, r in , is proportional to the square root of the AGN luminosity (e.g., Suganuma et al. 2006) . To estimate the r in of NGC 1068, we first employed [O iv] luminosity, which is considered to be an isotropic proxy of the AGN power (e.g., Diamond-Stanic et al. 2009 ), thus is more likely to be applicable to obscured AGNs. Using the compiled data in Diamond-Stanic et al. (2009), we find that r in of NGC 1068 would be ∼ 1.5 times larger than that of the type 1 Seyfert NGC 7469. Note that these AGNs have comparable (absorption corrected) X-ray luminosity as well (Liu et al. 2014; Marinucci et al. 2016) , which supports the view that they have accretion discs with a similar condition. As the reverberation mapping by Koshida et al. (2014) revealed that r in of NGC 7469 is ∼ 100 light-days, we deduce that of NGC 1068 would be ∼ 150 light-days (0.13 pc). This is much larger than the expected blackbody radius of NGC 1068 for 10 4 K ( < ∼ 0.005 pc), indicating net radiative excitation (absorption minus stimulated emission; SM13) is insignificant for this BLR.
For optically thick emission, an areal covering factor ( f a ), rather than a volume-filling factor, is important to estimate the effective source size. So far, simple speculation on the equivalent width of Lyα yields f a ∼ 0.1 (Peterson 1997) in BLRs. Therefore, the total H26α flux expected for NGC 1068 can be,
which is indeed below the 3σ detection limit of our observations (4.02 Jy km s −1 for the single beam; Table 1 ). Although readers would scale this value with their own parameters, with this estimation, we consider that our non-detection of the broad H26α line is primarily due to our limited sensitivity. Furthermore, it is virtually impossible to achieve a high sensitivity enough to detect the above flux significantly (e.g., 10σ detection) even with ALMA, as the expected peak flux density is ∼ a few − 10 µJy. On the other hand, we will achieve a 1σ sensitivity 2 of only ∼ 5 µJy even with 100 days on-source integration at a velocity resolution of 100 km s −1 . When the electron density is high (N e > ∼ 10 10 cm −3 ), the situation becomes essentially different since both the H26α line and the underlying free−free continuum emissions are now optically thick. In this case, R lc ∼ 0 is realized, whereas the continuum emission is maximally emitted as the blackbody. Hence, again one can never detect the line component from these extremely high-density clouds. For clouds with . Expected line to free−free continuum ratios as a function of frequency. Three different cases of N e are displayed for twelve submm-RLs (H31α to H20α), i.e., N e = 10 8 (blue-square), 10 9 (green-diamond), and 10 10 (red-star) cm −3 . The filled and open symbols indicate that T e = 10 4 K and 2 × 10 4 K, respectively. As we fixed L = 20 r ⊙ in this calculation, N e = 10 9 cm −3 corresponds to EM = 4.5 × 10 11 cm −6 pc. The shaded regions denote the frequency coverages of the ALMA bands, from Band 6 (green) to Band 9 (red).
the low-end N e expected for BLRs (∼ 10 8 cm −3 ), where both the H26α line and the free−free emissions are optically thin, we find that R lc ∼ 5. However, the very low optical depth (τ H26α = 0.03) leads the emission to be totally transparent, which cannot be detected at all.
Under the LTE condition, we expand the above speculations to other submm-RLs that can be observed with ALMA (redshift = 0 is assumed here). The resultant R lc of H31α to H20α, as well as the frequency coverages of the ALMA Bands 6 to 9 are shown in Fig. 4 . Lower frequency cases (e.g., H40α) are not displayed since their R lc approach to ∼ 0 for N e > ∼ 10 9 cm −3 due to large optical depths. We varied N e and T e whereas L is fixed to 20 r ⊙ . Thus, N e = 10 9 cm −3 corresponds to EM = 4.5 × 10 11 cm −6 pc. As already explained, one can see that R lc > 0 for N e = 10 8 cm −3 and 10 9 cm −3 cases but R lc ∼ 0 for N e = 10 10 cm −3 (or higher) case. We note that submm-RLs from N e = 10 8 cm −3 clouds are totally optically thin and are hard to be detectable. Therefore, BLR clouds with N e ∼ 10 9 cm −3 would be the dominant contributor to the Hnα flux. Even so, however, we again find that the line fluxes of any Hnα are intrinsically as extremely faint as calculated above, for virtually all imaginable sets of physical parameters expected in BLRs. Hence, we suppose that it is very impractical to detect submm-RLs of the BLR-origin even with ALMA.
At centimetre wavelengths, on the other hand, one would expect to see BLR lines as absorption against bright synchrotron emission with T B ≫ 10 4 K, if a synchrotron source (e.g., jet core) is embedded in the BLR, which is an analogous to observations of H i absorption line at 21 cm (e.g., Momjian et al. 2003) . This detection requires a quite high resolution (e.g., sub-pc scale) because otherwise the surrounding jet component would contaminate the continuum level. While Very Long Baseline Interferometry systems seem to have this capability (n > ∼ 90 RLs shall be ob-served), their narrow bandwidths are eventually problematic in actual observations. Moreover, if the synchrotron emission in NGC 1068 has an electron-scattered nature as suggested by Krips et al. (2011) , the absorption feature would be outshone by that scattered light. Therefore, it would be quite difficult to detect the BLR components at centimetre bands. In the last of this article, we mention that a similar speculation in this work can be applied for the non-detection of H26α line of NLR-origin as well. Suppose that ionized gas with NLR-like parameters (e.g., T e = 10 4 K, N e = N p = 10 4 cm −3 ) is filling a spherical volume within our observing beam (∼ 24 pc in radius), Equations (11), (13), and (17) of SM13 yields an integrated H26α intensity to be ∼ 135 Jy km s −1 . This is > 200 times larger than our 3σ detection limit of ∼ 0.67 Jy km s −1 (500 km s −1 FWHM is assumed; Müller-Sánchez et al. 2011) . Considering that submm-RLs of NLR-origin are likely to be optically thin (SM13), this discrepancy can be largely attributed to a small volumefilling factor of ionizing clouds. From our observations, that factor is estimated to be < 5 × 10 −3 , which is consistent with the canonical value for NLRs, < 10 −2 (Peterson 1997) .
SUMMARY AND CONCLUSIONS
In this work, we tried to detect a submm-RL of H26α stemming from the heavily dust-obscured BLR of NGC 1068 with high-resolution ALMA Cycle 2 observations. Our key results are as follows.
• Admitting the uncertainty in the continuum level due to the limited bandwidth to fully cover the hypothesized line width, we found the non-detection of both broad and narrow H26α emission line towards the nucleus of NGC 1068 at the 3σ sensitivity of 1.26 mJy at dV = 50 km s −1 (0.37 arcsec × 0.31 arcsec = 26 pc × 22 pc beam). Note that this nondetection is not conclusive when we adopt a lower continuum level, which is hard to determine accurately at this moment.
• We investigated the nature of BLR clouds that can potentially emit broad submm-RLs under the LTE condition. As a result, we suggest N e ∼ 10 9 cm −3 components mostly contributes to line emission. From clouds with other densities, we will not see broad submm-RLs due to too large or too small optical depths. N e ∼ 10 9 cm −3 is typical for BLRs. However, an expected line flux even for this N e = 10 9 cm −3 case is extremely faint based on our calculation. Hence, our non-detection of broad H26α is due to the limited sensitivity. We note that one can virtually never achieve high enough sensitivity to detect such faint emission even with ALMA.
• We predicted a line-to-continuum ratio of various Hnα at submillimetre to investigate whether the line components can appear. As a result, although some combinations of parameters can yield the broad line component in principle, again we cannot detect them due to the limited sensitivity of currently available submillimetre instruments.
Considering the discussion in Section 4, as well as the limited column penetrating capability at NIR wavelength, one possible way to directly detect obscured BLR lines is to employ sensitive mid-IR observations. Such a chance will be provided with the Mid-infrared Instrument (MIRI) 3 on
